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ABSTRACT 
Carbon nanofibers (CNFs) derived from polyacrylonitrile (PAN) have not yet 
demonstrated the high tensile strength and Young’s modulus of their microscale 
counterparts. This is due to the current lack of understanding of the effect of 
electrospinning conditions on the quality of PAN precursor nanofibers, as well as the 
effect of stabilization and carbonization temperatures on the structure and mechanical 
properties of CNFs.  In this dissertation research, strong carbon nanofibers with diameters 
150-500 nm were realized from PAN precursors following an optimization of key 
fabrication conditions. The uniqueness of these CNFs compared to existing vapor grown 
carbon nanofibers and nanotubes lies in their continuous and aligned forms, which are 
advantageous when incorporated into polymer composites for matrix strengthening and 
toughening. 
The carbon nanofibers were tested individually by a MEMS based nanoscale 
tension platform and the tensile strength reached a maximum at 1400°C, while the elastic 
modulus increased monotonically until 1700°C. The characteristic Weibull strength and 
the elastic modulus were 3.6 GPa and 172 ± 40 GPa, respectively, which are 600% and 
almost 300% larger than previously reported. This improvement was the result of a 
design of experimental procedures to determine appropriate conditions for PAN 
electrospinning as well as the optimum stabilization and carbonization temperatures. The 
carbon nanofibers had homogeneous cross-sections which resulted in large improvement 
of their mechanical properties, as opposed to the previously reported core-shell structure 
of carbonized nanofibers. The formation of turbostratic carbon crystallites with 
thicknesses increasing from 3 to 8 layers between 800°C and 1700°C improved the 
elastic modulus and tensile strength but was also the source for the strength reduction of 
nanofibers exposed to 1700°C. The discontinuity and random orientation of turbostratic 
carbon crystallites were identified as the limiting factors in achieving ultra-strong and 
stiff carbon nanofibers from PAN precursors.  
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CHAPTER 1  
 
 
 
 
1. INTRODUCTION   
Carbon nanofibers (CNFs) and carbon nanotubes (CNTs) are emerging 
multifunctional one-dimensional carbon nanomaterials for advanced polymer matrix 
composites because of their high strength, elastic modulus, thermal and electrical 
conductivity and relatively low density [1-3].  They are fatigue and creep resistant as they 
behave elastically until failure, they have low coefficient of thermal expansion and are 
chemically inert unless they are exposed to oxidizing environments.  Their applications 
include structural laminate and woven composites with improved matrix toughness for 
the aerospace and automotive sectors, air filters and fuel cells [4,5].  Existing carbon 
nanomaterials include CNTs, vapor grown carbon nanofibers (VGCNFs) and other 
advanced structural forms of carbon [6,8].  While VGCNFs and CNTs can provide 
toughening [2,8-15], they do not provide strengthening because of their discontinuous 
and entangled form.  On the contrary, CNFs can be derived from electrospun polymer 
nanofibers, such as polyacrylonitrile (PAN) and pitch [16-20] in a relatively continuous 
and aligned form.  Electrospinning is a simple and high throughput method to fabricate a 
variety of polymeric nanofibers at the submicron range.  Specifically, PAN is the main 
precursor for carbon fibers suitable for structural applications due to its high yield and the 
flexibility to tailor the fiber strength and modulus by tuning the carbonization and 
graphitization temperatures [21].  Therefore, electrospun PAN nanofibers are ideal 
precursors for carbon nanofibers.  However, as will be discussed in this Chapter, the 
state-of-the art PAN-derived CNFs before this research had properties that were 
significantly inferior to microscale PAN-derived carbon fibers. 
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1.1.  Motivation and Background 
While microscale carbon fibers from PAN precursors developed in the last four 
decades , have tensile strengths as high as 7 GPa and typical diameters in the range 5 - 10 
m (see Table 1.1), CNFs derived from electrospun PAN nanofibers with diameters on 
the order 100 - 300 nm have not been shown to have equally high properties [17,22].  
CNFs have 1,000 times smaller cross-section which provides tremendous material 
refinement and improved interaction with polymer matrices, which, in turn, can increase 
the matrix shear strength.  Furthermore, CNFs derived from electrospun PAN can be 
several centimeters long compared to the micron long VGCNFs and CNTs, and can be 
fabricated in an aligned form, which is ideal for subsequent composites manufacturing 
[23-25]. 
PAN nanofibers are converted to CNFs by the processes of stabilization, 
carbonization and graphitization [26] which are based on microscale carbon fiber 
processing.  The structure and the mechanical properties of commercial microscale 
carbon fibers as a function of heat treatment are well established [27-29].  Carbon fibers 
are brittle and, therefore, their strength is governed by the size and distribution of flaws.  
As shown in Figure 1.1, the fiber strength increases at carbonization temperatures 1000 -
1500°C mainly due to increased carbon content, while the turbostratic carbon crystallite 
size is too small to influence the ultimate fiber strength.  The maximum tensile strength is 
achieved at ~1500°C, beyond which the crystallite size becomes large enough and 
initiates a crack which reduces the fiber strength.  On the contrary, the elastic modulus 
increases monotonically with temperature due to the increased crystallite size and volume 
fraction, especially at temperatures 2000 - 3000°C.  In the same range of temperatures, 
the preferred orientation of turbostratic carbon crystallites along the fiber axis also 
increases, which further increases the elastic modulus.  This nanostructural evolution 
with temperature, results in micron-scale fibers that have tensile strength and elastic 
modulus between 3.8 - 7 GPa and 230 - 440 GPa, respectively [30].  Unfortunately, the 
tensile strengths and elastic moduli reported for CNFs fabricated at the laboratory scale 
using the same methods have yielded fibers with 3 and 6 times inferior moduli and tensile 
strength, respectively. 
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Table 1.1. Properties of commercial PAN derived carbon fibers, where d is the fiber 
diameter,  is its density, TS is the fiber tensile strength, E is the elastic modulus along 
the fiber axis, and b is the fiber elongation [21]. 
Manufacturer Fiber Designation 
d 
(m) 
 
(g/cm
3
) 
TS 
(GPa) 
E 
(GPa) 
b 
(%) 
Amoco 
T-50 6.5 1.81 2.90 390 0.70 
T-650/35 6.8 1.77 4.55 241 1.80 
T-300 7.0 1.76 3.45 231 1.40 
BASF Celion G30-500 7.0 1.78 3.79 234 1.62 
Grafil Inc. Grafil 34-700 6.9 1.80 4.50 234 1.90 
Hercules 
Magnamite-IM7 5.0 1.80 5.30 303 1.80 
Magnamite-AS4 8.0 1.79 4.00 221 1.60 
Toho Rayon Besfight-HTA 7.0 1.77 3.72 235 1.60 
Toray 
Industries 
Torayca M40J 6.0 1.77 4.41 377 1.20 
Torayca-T300 7.0 1.75 3.53 230 1.50 
 
Zussman et al. were among the first to report on PAN derived carbon nanofibers 
[18].  They presented tensile strength values in the range 0.32 - 0.9 GPa and an average 
Young’s modulus of 63 ± 7 GPa, which are about 6 times lower than those of microscale 
carbon fibers.  They identified the fiber skin-core cross-sectional structure as the origin of 
the low mechanical properties [18].  Similarly, Zhou et al. reported on nanofiber bundles 
with 300-600 MPa tensile strength and 40 - 60 GPa Young’s modulus, which showed 
increasing trends with carbonization temperature between 1000 - 2200°C but they were 
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still well below the properties of commercial carbon fibers. The authors acknowledged in 
their report that quality processing and optimization of the pre-cursor PAN are lagging 
[16].  Higher strengths and moduli have only been reported by Chae et al. for large and 
small microscale carbon fibers produced from gel-spun PAN and PAN-CNT composites 
[31,32].  Their experiments on carbon fiber bundles resulted in tensile strength and 
modulus of 3.2 GPa and 337 GPa, respectively, while experiments performed on CNT 
reinforced carbon fibers resulted in tensile strength and modulus of 4.5 GPa and 463 GPa, 
respectively, which are comparable to high quality commercial carbon fibers.  To date, 
VGCNFs are the only CNFs with diameters of the order of 150-300 nm whose different 
grades have high tensile strengths, between 2.7 - 3.3 GPa, and average Young’s modulus 
between 180 - 250 GPa [33].  However, they are discontinuous, only 100 μm or less long, 
and of significant waviness.  The latter is particularly important because it is the limiting 
factor that prevents composite stiffening for strains as high as 1 - 2% [33,34]. 
 
 
  
 
Figure 1.1. Tensile strength and tensile modulus of PAN and mesophase pitch based 
microscale carbon fibers as a function of heat treatment temperature [35]. 
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1.2.  Fabrication PAN Precursor Nanofibers by Electrospinning 
Precursor PAN nanofibers are fabricated by electrospinning [36-38]. In this 
process, a high voltage of 10-30 kV is applied between a fine nozzle containing PAN 
solution and a metallic collector.  Upon the application of voltage, a droplet of PAN 
solution, held together by surface tension at the tip of the nozzle, forms a Taylor cone and 
is ejected towards the collector because the built-up of electric charges overcome the 
surface tension that holds the droplet together and carry with them the attached polymer 
molecules [39].  While traveling towards the collector, the polymer jet undergoes several 
bending instabilities whereby its diameter decreases and major portion of the solvent 
evaporates [40].  The polymer nanofibers gathered on the collector are continuous and 
can be aligned depending on the collector type [18].  Figure 1.2 shows a schematic of 
such an experimental, laboratory scale, arrangement where the first order bending 
instability is only shown. 
 
 
Figure 1.2. Schematic of electrospinning process. Figure has been adopted from 
http://nanotechweb.org/cws/article/lab/38728/1/image2. 
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1.3.  CNFs by Heat Treatment of PAN Nanofibers 
Fabrication of CNFs from PAN proceeds with stabilization in an oxidative 
atmosphere between 250–300°C while the PAN nanofibers are being subjected to 
tension.  During stabilization, PAN undergoes cyclization and partly dehydrogenation, 
which make it denser and help to retain its fibrous structure during subsequent high 
temperature carbonization [26,28].  Stabilization is an exothermic process and results in a 
ring structure, also known as ladder structure, which contains a carbon-nitrogen double 
bond as shown in Figure 1.3.  
 
 
Figure 1.3. Molecular changes occurring during conversion of PAN to carbon by 
stabilization and carbonization heat treatments. (Figure has been reproduced after 
reference [26]) 
 
PAN Precursor Stabilization of PAN
Carbonization
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The stabilized PAN nanofibers are converted into CNFs by heating at 
temperatures larger than 800°C in an inert atmosphere.  During this step, the carbon 
content increases dramatically maintaining an amorphous structure with partial 
crystallinity.  Most of the non-carbon elements are eliminated during carbonization.  High 
strength CNFs are expected to be produced after carbonization according to the 
mechanical behavior of microscale carbon fibers discussed in a previous section.  If high 
modulus is desired, then a final graphitization treatment at very high temperatures (2000-
3000°C) increases the crystallite size and improves their orientation along the fiber axis. 
Although high temperature graphitization increases the elastic modulus rather 
monotonically, it does reduce the strength.  Since an objective of this thesis was to 
produce high strength CNFs, no graphitization treatment was carried out once the 
temperature at which the CNFs attained a maximum value was identified. 
 
1.4.  Objectives of this Dissertation Research 
Continuous CNFs with diameters of the order of 100 nm, have not yet reached 
their potential due to molecular homogenization and defect reduction issues that limit 
their mechanical strength [23].  Therefore, the objectives of this research were the: 
 Fabrication of continuous, aligned and smooth carbon nanofibers from PAN 
nanofiber precursors by heat treatment. 
 Optimization of the heat treatment temperature for high strength carbon 
nanofibers conducted with the support of nanomechanical property experiments 
with single carbon nanofibers. 
 Relations between the nanofiber crystallite size and structure, the heat treatment 
process and the mechanical strength. 
The research pursued in this dissertation benefited from the work by Naraghi et. al 
[41-43] to characterize the mechanical strength and modulus of PAN nanofibers in order 
to obtain improved molecular alignment.  The same experimental methods were applied 
on individual CNFs to identify the optimum carbonization conditions for high modulus 
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and tensile strength in conjunction with TEM imaging that provided the size and 
distribution of turbostratic carbon crystallites as a function of carbonization temperature. 
The optimum stabilization conditions were identified with Differential Scanning 
Calorimetry (DSC) studies on nanofiber bundles. 
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CHAPTER 2  
 
 
 
 
2. EXPERIMENTAL METHODS AND MATERIALS 
The PAN nanofibers were fabricated by an electrospinning apparatus developed at 
Nanomechanics and Materials Research Laboratory (NMRL) at the University of Illinois.  
PAN is a preferred precursor for carbon fibers, and for this reason it was also adopted in 
the present research.  The PAN fibers require stabilization in air and subsequent 
carbonization in strictly inert atmosphere, which have been studied in detail for 
macroscale carbon fibers.  The selection of optimal conditions for the fabrication of PAN 
nanofibers was made based on previous research at NMRL at the University of Illinois 
which provided important guidelines for high strength and ductility of PAN nanofibers.  
The properties of PAN nanofibers fabricated at different electrospinning conditions and 
the carbon nanofibers fabricated subsequently at different temperatures were obtained at 
the single nanofiber level.  Manipulation and isolation of individual nanofibers was 
carried out by custom tools developed at NMRL.  The small scale of these nanofibers 
requires high resolution of force and fiber deformation measurements.  In-situ testing 
inside a Scanning Electron Microscope (SEM) was not a viable option because electron 
beam radiation results in nanofiber damage.  As described in this Chapter, most methods 
developed before for nanoscale experimentation require SEM or Transmission Electron 
Microscopy (TEM) imaging to obtain quantitative results of stress and strain.  For this 
purpose, MEMS-based nanoscale tension experiments under an optical microscope with 
displacement resolution of 25 nm that were developed at NMRL were employed in this 
thesis research as described in the next sections.  
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2.1.  Literature Overview of Mechanical Testing of Individual Nanofibers  
Several methods have been used in the recent years for the characterization of the 
mechanical properties of single nanofibers including atomic force microscopy (AFM) and 
MEMS-based nanoscale tension, with emphasis on accurate measurements of the applied 
force in the nanofiber and the corresponding nanofiber extension.  AFM cantilevers serve 
as sensitive load sensors for in-situ experiments in an SEM [18,44-46].  A variety of 
commercial AFM cantilever tips with different stiffnesses are available, which motivates 
their widespread use.  Their distinct disadvantage is the off-axis loading taking place 
when relatively (to the AFM cantilever) high stiffness, or high ductility, specimens are 
tested.  Yu et al. [45] used AFM cantilevers for tensile loading experiments on ropes of 
single wall carbon nanotubes (SWCNTs) with diameters 19 - 41 nm to measure their 
strength and Young’s modulus.  They attached a piezoelectric bimorph to generate the 
force and displacement on 0.4 N/m stiff cantilevers that served as the load sensors. 
Experiments were carried out in an SEM:  Figure 2.1(a) shows a SWCNT rope attached 
to AFM tip before and after failure.  The deflection of the cantilever provided the force in 
SWCNT rope, while for some experiments the authors used markers in the form of 
particles attached on the SWCNT ropes to estimate the average strain in the SWCNT 
ropes, and, therefore, the Young’s modulus.  The tensile strength was in the range 13 - 52 
GPa and the Young’s modulus in the range 320 - 1470 GPa.  Zussman et al. [18] were the 
first to conduct mechanical tests on single carbon nanofibers derived from electrospun 
PAN.  They attached one end of a carbon nanofiber on an AFM cantilever tip with 
stiffness 0.47 ± 0.003 N/m, which also served as a load sensor.  The other end was 
mounted on a tungsten wire with adhesive as shown in Figure 2.1(b).  Electron beam 
induced carbon deposition was used to rigidly grip the nanofiber on AFM tip.  The 
tension experiments were conducted inside an SEM and the AFM cantilever deflection 
provided the force in the nanofiber, which was of the order of 10 µN.  The bending 
modulus was measured separately by using a resonance method.  The tensile strength was 
reported to be in the range of 0.32 - 0.9 GPa and the Young’s modulus was 63 ± 7 GPa 
from tests on CNFs with diameters 105 - 200 ± 5 nm and lengths 11.51 - 78.27 ± 0.2 µm.  
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(a) (b) 
Figure 2.1. (a) SEM images showing SWCNT rope tensile loading experiment before 
and after failure [45]. (b) A CNF attached to an AFM cantilever tip and tungsten wire 
ready to be tested [18]. 
 
A major improvement in the experimental accuracy and procedure was achieved 
by MEMS-based nanoscale tension devices.  Zhu et al. [47] reported on a MEMS device 
in which the load was measured electronically, while actuation was possible by (a) a 
thermal actuator, or (b) an electrostatic comb-drive actuator.  The former is suitable for 
stiff materials e.g. thin films and large diameter nanofibers and allows the 
implementation of displacement control.  The comb-drive actuator provides force control 
and has been used with CNTs.  A differential capacitance force sensor had 11.8 N/m 
stiffness and 35 nN resolution when used with CNTs, a 48.5 N/m stiffness and load 
resolution of 145 nN when was used with nanowires and nanofibers.  Similarly, Samuel 
et al. [48] reported on uniaxial tension experiments with individual pyrolysed poly-
furfuryl alcohol (PFA) nanofibers with diameters 150 - 300 nm using a microfabricated 
loadcell in an SEM.  The Young’s modulus was found to be 1.27 – 1.94 GPa and the 
failure strain 4 - 12%.  Displacements were measured by using markers on the MEMS 
device, which was actuated by a piezoelectric motor.  A Focused Ion Beam (FIB) was 
used to deposit tungsten pads on the mounted ends of nanofibers to ensure rigid griping. 
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Lu et al. [49] presented a device consisting of thermal actuators and motion amplification 
beams to test ―template carbon nanotubes‖ (T-CNTs).  The T-CNTs were clamped rigidly 
at both mounted ends by e-beam induced decomposition of carbonaceous material.  Their 
tests were done in an SEM.  The specimen elongation was measured with the aid of 
markers on the testing device.  The stiffness of the actuation device was 560 N/m and of 
the load sensing beam was 2.8 N/m which was calculated by the finite element method 
using the dimensions of the device measured by an SEM.  The reported value of the 
modulus of T-CNTs was 66 GPa.  
Planar testing platforms and symmetric loadcells can eliminate off-axis loading 
that is encountered in AFM cantilever-based testing.  Figure 2.2 shows such a device with 
an on-chip actuation mechanism developed at NMRL.  The majority of on-chip actuated 
devices have limited force and displacement range, thus, cannot be applied to a broad 
range of materials.  A potential exception in terms of force capacity is provided by a 
device that incorporates the actuation principle of a nanotractor [50], which is capable of 
working at a wide range of forces (30 nN - 300 µN) and displacements (20 nm - 100 µm). 
Force is applied electrostatically by using electrodes underneath a clamping plate which 
is separated from the electrodes by an air gap of 1µm.  First, voltage is applied to a 
leading clamp causing it to lock down to substrate by frictional forces.  Then, the plate is 
biased to contract and pulls the trailing clamp forward.  A mounted nanofiber is also 
stretched by the motion of the trailing clamp.  Finally, the plate and the leading clamp are 
released by removing the applied voltage.  The leading clamp relaxes and moves to a new 
position, thus, completing one step of approximately 50 nm.  The step size is determined 
by the device dimensions.  This process can be repeated multiple times to accomplish a 
total travel of 100 µm or more.  The nanofiber extension and the loadcell opening are 
calculated by DIC by recording the rigid body displacements optically.   This device can 
be safely used when the specimen strength is up to 300 - 500 µN.  
In order to apply even larger forces and displacements, external actuators can be 
used in conjunction with microdevices [33,41,42,50,51].  The experiments are conducted 
under an optical microscope as shown in Figure 2.3, but the displacement resolution is as 
high as that of an SEM, or better, as described in detail in Sections 2.3 and 2.4. 
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Figure 2.2. SEM images of an on-chip MEMS platform. The inset shows the random 
FIB-generated engravings that assisted the calculation of displacements by DIC serving 
as random surface speckles [50]. 
 
 
 
Figure 2.3. Experimental setup for testing a nanofiber using MEMS platform under an 
optical microscope [41]. 
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2.2.  Electrospinning of PAN Nanofibers 
Polyacrylonitrile (Sigma Aldrich) with molecular weight Mw = 150,000 g/mol 
was dissolved in  N, N-dimethylformamide (Sigma Aldrich) at room temperature and for 
24 hours to form a 9 wt. % solution of PAN.  A home-built electrospinning apparatus in a 
humidity controlled glove box with a 30 kV power supply was used to spin the PAN 
solution as shown in Figure 2.4.  The PAN nanofibers were collected on a metal collector 
with parallel steel wires spaced at approximately 1/2 inch.  The electrospinning voltage 
and the distance from the collector were 25 kV and 25 cm, respectively.  Continuous 
PAN nanofibers were collected on the grounded parallel steel wires forming a 
unidirectional net of fibers. 
 
2.3.  Heat Treatment of PAN Nanofibers 
The PAN nanofibers were collected on metallic clips that thermally expanded at 
high temperatures to maintain tension on the nanofibers during stabilization and 
carbonization.  Stabilization of the PAN nanofibers was conducted in a furnace 
(Thermolyne 47900) by heating in air from room temperature to 300°C at a rate of 
5°C/min and with 1 hr hold time at the peak temperature. The optimum temperature and 
time of stabilization were determined by Differential Scanning Calorimetry (DSC).  The 
stabilized nanofibers were placed in a high temperature alumina crucible and were 
transferred to a high temperature tube furnace (CM Corporation) for carbonization 
(Figure 2.5).  The fibers were covered with a high temperature alumina lid leaving a 
small opening for nitrogen flow.  The carbonization furnace had water cooled end caps 
with integrated gas flow line.  Four fiber sets were prepared by heating for 1 hr in a N2 
atmosphere and at peak temperatures 800°C, 1100°C, 1400°C and 1700°C to quantify the 
effect of carbonization temperature on the tensile strength and modulus.  A heating rate 
of 5°C/min was used for carbonization reaching directly the desired temperature as 
opposed to two-step processes used in literature before [18].  The PAN and the carbon 
nanofibers were inspected for uniformity and surface defects by an SEM, while a TEM 
was employed to investigate the nanofiber structure at different carbonization 
temperatures and to measure the average turbostratic carbon crystallite thickness. 
 
15 
 
Figure 2.4. Humidity controlled glove box for electrospinning of PAN.  
 
 
Figure 2.5. High temperature furnace (CM Corporation) used for nanofiber 
carbonization.  
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2.4.  Mechanical Experiments with Individual Nanofibers 
A MEMS nanoscale testing platform, developed to test individual VGCNFs [33], 
was used to measure the strength and the elastic modulus of individual PAN based CNFs.  
Individual CNFs were isolated with a sharp tungsten probe and were mounted onto the 
grips of a surface micromachined loadcell/grip system shown in Figure 2.6(a).  A UV 
curable adhesive was used to attach a CNF to the tip of tungsten probe which was then 
pulled away to isolate a single CNF.  The isolated CNF was mounted on the grips of the 
loadcell again with the help of UV adhesive.  The adhesive grips were very compliant, 
therefore, a FIB was used to deposit Pt, Figure 2.6(b), at both ends of the CNFs before 
testing to ensure rigid mounting.  During Pt deposition most of the adhesive was etched 
away and a strong bond was formed between the Pt, the CNF and the polysilicon surface. 
After CNF mounting, a long thin glass cantilever was attached to the device grip 
with a two part epoxy.  This step avoided preloading of the CNF, which could cause early 
fracture. The loadcell was gently pushed forward to keep the CNF loose during an 
overnight epoxy curing.  The MEMS platform was actuated by an external piezoelectric 
device and the loadcell deflection and distance between the grips (i.e. change in CNF 
length) were recorded independently by a CCD camera at 400× optical magnification as 
described by Naraghi et al. [41].  Digital Image Correlation (DIC) was applied to the 
optical images to calculate the loadcell opening and the CNF extension with a 
displacement resolution of 25 nm [50].  Figure 2.7 shows the three regions on the MEMS 
platform which were used to apply DIC. The experiments were carried out under mercury 
light to enhance the speckle pattern used in DIC.  The displacement between regions 1 
and 2 provided the CNF extension and the displacement between regions 2 and 3 was the 
loadcell opening, which in turn provided the applied force after use of the calibration 
factor.  The stiffness of relatively compliant loadcells was measured via a traceable 
method by suspending glass spheres of known weight and recording corresponding 
loadcell deflections [51].   
The force and nanofiber extension data were used to construct stress vs. strain 
curves for the CNFs.  A representative stress-strain curve of a CNF is shown in Figure 
 
17 
2.8.  As expected, the CNFs behaved in a linearly elastic manner until their final failure at 
strains that were quite high for a ceramic material. 
 
(a) 
 
(b) 
 
Figure 2.6. (a) Nanofiber mounted on a MEMS device showing a detail of the grips. 
(b) A close-up of one end of the mounted fiber showing the rigid Pt grip. 
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Figure 2.7. Three regions on the MEMS platform used to apply DIC to calculate the 
relative component displacements. The image was acquired by dark field optical 
microscopy. 
 
 
Figure 2.8. Engineering stress vs. strain curve from an individual carbon nanofiber 
processed at 1400°C. 
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2.5.  Calibration of Microfabricated Loadcells 
The accurate measurement of the force applied to the CNFs required precise 
calibration of the loadcells.  For some devices this calibration was performed by using a 
commercial loadcell with 50 g capacity.  The loadcell tip was attached to the device 
substrate by an adhesive.  The other end of the loadcell was attached to a thin glass grip 
as described before to load the CNFs.  Then, the substrate was actuated with the external 
picomotor.  The loadcell opening was recorded by a CCD camera and the images were 
used to obtain the loadcell opening vs. time plot shown in Figure 2.9(a). The 50 g 
loadcell provided the corresponding load vs. time data, which were used to construct the 
plot shown in Figure 2.9(b).  The loading and unloading segments were identical and 
linear for loadcell openings of ~8 m.  From the slope of the two plots the loadcell 
stiffness was calculated as 166 N/m. 
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(a) 
 
(b) 
Figure 2.9. (a) Loadcell opening vs. time, and (b) load vs. time obtained in loadcell 
calibration. 
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CHAPTER 3  
 
 
 
 
3. RESULTS AND DISCUSSION 
The effect of electrospinning conditions on the morphology and mechanical 
properties of PAN nanofibers was investigated in this work and prior works of this 
research lab with the objective to obtain smooth, strong and stiff PAN nanofibers with 
improved molecular orientation.  The latter is important in producing strong carbon 
nanofibers in the present work.  To evaluate the carbon nanofiber properties, nanoscale 
tension experiments were conducted with individual nanofibers with the experimental 
methods described in Chapter 2.  Experiments carried out before at the Nanomechanics 
and Materials Research Laboratory (NMRL) at the University of Illinois showed that the 
main two parameters of electrospinning, namely the voltage and the distance to the 
collector have a profound effect on the molecular orientation and the mechanical 
properties of PAN nanofibers.  Based on the experiments in [43] the optimum 
electrospinning conditions for high strength and stiffness PAN nanofibers were 
identified.  Differential Scanning Calorimetry (DSC) studies of stabilized PAN were used 
to find the optimum stabilization temperature and time in order to completely oxidize 
PAN, which is important for successful subsequent high temperature carbonization 
treatment.  Carbon nanofibers were obtained at 800C, 1100C, 1400C and 1700C and 
their corresponding mechanical properties were evaluated by single nanofiber tension 
experiments.  The maximum strength was achieved at 1400C, while the elastic modulus 
increased monotonically with temperature.  The nanofiber nanostructural features, such 
as crystallite size and density were studied by Transmission Electron Microscopy (TEM) 
and were also found to increase with heat treatment temperature.  
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3.1.  Effect of Relative Humidity on the Morphology of PAN Nanofibers 
The relative humidity plays a critical role in obtaining smooth PAN nanofibers as 
shown in Figure 3.1. PAN nanofibers fabricated at 60% relative humidity had rough 
surface and porosity, whereas those fabricated at 30% relative humidity had remarkably 
smooth surface.  Rough PAN nanofibers are inappropriate precursors for strong carbon 
nanofibers.  Therefore, the relative humidity was pivotal for the success of this research. 
  
(a) (b) 
Figure 3.1. PAN nanofiber fabricated at (a) 60%, and (b) 30% relative humidity 
resulting in rough and smooth surfaces, respectively. 
 
Several groups have investigated before the effect of relative humidity on the 
morphology of electrospun polymer nanofibers [52-55].  In a study on the effect of 
humidity on electrospun poly(vinyl alcohol), poly(methyl methacrylate), poly(vinyl 
chloride), polystyrene and poly(lactic acid) the fast absorption of oxygen into the 
polymer solvent during electrospinning was identified as one of the reasons for surface 
roughness and porosity [52].  Also, solvents with high volatility tend to introduce pores 
due to faster evaporation which causes moisture condensation on the nanofiber surface 
and thus faster cooling. Finally, polymer nanofibers fabricated at higher relative humidity 
are prone to beading too.  On the other hand, it has been shown that Polyamide 6 [53] and 
Cellulose Acetate and poly(vinylpyrrolidone) [54] nanofibers had larger diameters 
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because of fast solvent evaporation under reduced relative humidity.  At high relative 
humidity the solvent evaporates slower allowing more time for the polymer jet to 
elongate and produce small diameter nanofibers. The effect of relative humidity on the 
diameter distribution of the PAN nanofibers was not studied in this research though. It 
has also been shown that for certain polymer systems, such as polyvinylpyrrolidone [54] 
and polystyrene [55], it is not possible to obtain nanofibers above certain relative 
humidity (e.g. 60% for PS), because the solvent absorbs water from the atmosphere and 
does not dry completely during electrospinning.  
 
3.2.  Mechanical Properties of PAN Nanofibers vs. Fabrication Conditions 
Prior literature has focused on molecular alignment of PAN precursor using a 
rotating collector [56].  Recent work at NMRL determined the optimum electrospinning 
conditions for improved molecular alignment and uniform cross-section nanofibers 
collected on metallic grid collectors [41-43].  The effect of humidity was described in the 
previous section but the effects of temperature and polymer concentration were not 
studied.  All electrospinning work took place at room temperature and with 9 wt.% PAN 
solution in DMF.  A design of experiments matrix varying the electrospinning voltage 
and distance to the collector between 15 - 25 kV and 15 - 25 cm, respectively, was 
constructed.  No nanofibers were obtained for 15 kV and 20 cm, and 15 kV and 25 cm, 
probably because the surface charges on the polymer solution droplet were not sufficient 
to overcome the surface tension.  After collection at the metal grid target, 100 m long 
sections of individual PAN nanofibers were isolated with a thermal probe.  The nano-
fibers were then manipulated by sharp tungsten probes made at the laboratory and were 
tested by the nanoscale testing method by Naraghi et al. [41-43].  Figure 3.2 shows the 
stress-strain curves for some of these electrospinning conditions, presenting a clear 
increase in the mechanical strength of the PAN nanofibers as a function of certain 
electrospinning conditions.  The PAN nanofibers fabricated at 25 kV and 25 cm distance 
from the collector had the highest tensile strength and modulus although the failure strain 
was ~200% for all electrospinning conditions [57].  The figure legend includes the initial 
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polymer fiber diameters, which were reduced to about 50% after carbonization, while 
Figure 2.2 shows a PAN nanofiber mounted on MEMS platform for nanofiber testing. 
 
 
Figure 3.2. Mechanical behavior of PAN nanofibers for different electrospinning 
conditions. The legend entries (in order) are voltage (kV), collector distance (cm) and 
nanofiber diameter (nm) [57]. 
 
PAN nanofibers spun at an average electric field of 1 kV/cm were found to 
outperform in properties those fabricated at higher field intensities as shown in Figure 
3.2.   Furthermore, nanofibers spun at the longest distances from the collector had the 
highest modulus and tensile strength, which pointed to improved molecular orientation 
that is critical for improved properties of the derived carbon nanofibers.  It is significant 
to mention that the typical strain rates experienced by the polymer solution during 
electrospinning are of the order of 1,000 s
-1
 [58] which some researchers expect to 
promote increased molecular orientation in the resulting nanofibers.  Indeed, increased 
molecular alignment was evidenced for some of the electrospinning conditions via FTIR 
measurements [59]: the orientation factors of the nanofibers that demonstrated the highest 
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mechanical strength in Figure 3.2 were twice as high (f = 0.52) compared to those for 
fibers with small tensile strengths.  Equally high, or even higher, orientation factors were 
reported before from X-ray measurements for macroscale PAN fibers used as precursors 
for carbon fibers [60].  This improved molecular structure could be understood in terms 
of the distance between the polymer source and the collector: short electrospinning 
distances (15 cm) limited the number and order of molecule-stretching bending 
instabilities during electrospinning [36,61], while long electrospinning distances 
permitted multiple bending instabilities to take place and guaranteed the evaporation of 
the majority of the solvent whose presence could have also promoted (undesirable) 
molecular relaxations at short spinning distances. Therefore, the PAN nanofibers used in 
this work were those fabricated at 25 kV and 25 cm distance from the collector because 
they resulted in highest tensile strength and Young’s modulus.  
 
3.3.  Optimization of Nanofiber Stabilization Conditions 
Stabilization is important for the formation of a three-dimensional carbon network 
which is thermally stable for subsequent carbonization and graphitization treatments.  In 
this regard, several researchers have pointed out to the importance of process 
optimization [16,18,28,31,32].  In the present experiments, the PAN nanofibers were 
collected from the metal target on an open metal clip so that they were in tension during 
stabilization and carbonization, in order to obtain high mechanical strength and modulus 
[23].  The optimum temperature and time of stabilization were determined by DSC. 
Sample curves are shown in Figure 3.3, where three sets of PAN nanofibers were heated 
at 5°C/min to 250°C, 275°C and 300°C and were held at peak temperature for 1 hr. 
Stabilization of PAN is an exothermic process and, therefore, a DSC scan shows the 
amount of heat released as a function of time and, hence, the degree of completion of the 
reaction.  As shown in Figure 3.3, for temperatures 250°C and 275°C the exothermic 
reaction was not completed and the samples continued to release heat even after 1 hr. 
However, the reaction was completed after 1 hr at 300°C and the released heat was 
dramatically more than at 250°C and 275°C. A second DSC scan was done at 300°C but 
no further heat was released which confirmed that stabilization was completed during the 
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first heating cycle. Higher stabilization temperatures are not appropriate as they result in 
combustion of the fibers. Thus, the stabilization temperature of 300°C was used with a 
dwell time of 1 hour at peak temperature for all fibers that were subsequently carbonized 
at higher temperatures. 
 
 
Figure 3.3. DSC scans of PAN nanofibers stabilized at 250°C, 275°C and 300°C for 1 
hr. 
 
The stabilized nanofibers were then heat treated at temperatures 800-1700°C to 
derive the carbon nanofibers.  The nanofibers were loaded in the furnace tube and were 
partially covered to minimize the destructive effect of convection currents inside the 
furnace tube.  FTIR spectroscopy data of the structure of the PAN precursor and TEM 
evidence of turbostratic carbon crystallite formation in the carbonized nanofibers were 
obtained as a function of temperature, which were instrumental in interpreting the 
measured mechanical properties.  The FTIR spectra of as-spun PAN nanofibers, 300°C 
stabilized nanofibers, and 800°C carbonized nanofibers are shown in Figure 3.4. The 
characteristic vibrations for the chemical groups in PAN are clear: vibration at 2241 – 
2243 cm
-1
 is due to the CN nitrile group [62,63], the vibrations of different aliphatic CH 
groups (CH, CH2, and CH3 bonds) are present at 2870 – 2931 cm
-1
, 1450 – 1460 cm-1, 
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1350 – 1380 cm-1, and 1220 – 1270 cm-1, the strong band at 1732 cm-1 is the C=O 
stretching and the band at 1684 cm
-1
 is due to the amide group.  After stabilization, the 
most prominent structural changes were the reduction of the 2241 – 2243 cm-1 peak 
intensity which is attributed to the CN nitrile group, the reduction of the intensity of the 
aliphatic CH groups and the reduction of the intensity peak of amide group.  The 
appearance of the peak at 1590 cm
-1
 is due to a mixture of C=N, C=C, and N-H groups.  
The CN nitrile is converted into C=N which results from cyclization and cross-linking 
and prepares the chemical structure for high temperature carbonization.  Also the 
appearance of the C=C group results from dehydrogenation.  The FTIR spectra of the 
carbonized fibers do not contain any structural information because the dark carbon 
nanofibers have very high absorbance.   
 
Figure 3.4. FTIR spectra of as-spun PAN nanofibers, 300°C stabilized nanofibers and 
nanofibers carbonized at 800°C. 
 
Figures 3.5 show SEM and TEM images of carbon nanofibers, which have 
homogeneous structure, smooth surfaces and uniform diameter along their length.  The 
diameter between different fibers could vary though, as shown in Figure 3.5(b). The 
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nanofibers were straight, which is an advantage compared to the wavy VGCNFs, which 
do not provide appreciable stiffening to stiff polymer at strains less than 1 - 2% [33]. 
 
(a) 
 
(b) 
Figure 3.5. (a) SEM image of aligned and continuous carbon nanofibers. (b) TEM 
image showing the range of carbon nanofiber diameters with homogeneous cross-
sections without any evidence of skin-core structure. 
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Prior literature has emphasized the detrimental core-shell structure of PAN-based 
carbon nanofibers, which, as shown in Figure 3.5(b), was not present in the present 
carbon nanofibers.  On the other hand, the TEM images of carbon nanofibers in Figures 
3.6(a-d) showed randomly oriented turbostratic carbon crystallites whose size increased 
with the carbonization temperature and affected the mechanical properties dramatically, 
as discussed in the next section. 
  
(a) (b) 
  
(c) (d) 
Figure 3.6. TEM images of carbon nanofibers carbonized at (a) 800°C, (b) 1100°C, (c) 
1400°C and (d) 1700°C showing the increasing size of turbostratic carbon crystallites. 
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3.4.  Tensile Strength and Modulus of Carbon Nanofibers 
As explained in Section 2.4, a MEMS platform was used to uniaxially test single 
carbon nanofibers in the ~200 - 500 nm diameter range.  This range of diameters may 
also provide an indication for size dependent mechanical properties if present.  The 
tensile strength vs. diameter plots for nanofibers carbonized at the four temperatures is 
shown in Figure 3.7(a).  In Figure 3.7(b), the average nanofiber strength is plotted as a 
function of carbonization temperature showing the optimal processing conditions for 
maximum performance.  The trend of increasing strength until 1400°C with precipitous 
reduction beyond this temperature is similar to the mechanical behavior of macroscale 
PAN based carbon fibers, although the drop in strength at 1700°C is more dramatic here.  
There is a saddle effect of diameter on strength for low carbonization temperatures.  
Similarly, the Young’s modulus depended on the nanofiber diameter, as shown in Figure 
3.8(a), and it increased monotonically with temperature as shown in Figure 3.8(b) which 
was expected because of the increase in the crystallite thickness and length. 
As mentioned a small reduction in tensile strength with increasing diameter was 
observed at the lower carbonization temperatures of 800°C and 1100°C: the tensile 
strength of 800˚C carbonized nanofibers increased by almost 150% when the diameter 
was reduced from 500 nm to 200 nm.  TEM images from samples representing all 
carbonization temperatures, as shown for example in Figures 3.6, revealed no porosity or 
other discernible defects, except for a small surface roughness.  A study of the 
mechanical properties of PAN nanofibers by Naraghi et al. [50,51] showed that larger 
diameter nanofibers had smaller strength and reduced molecular alignment, which might 
be the reason for the scale dependent properties of nanofibers carbonized at lower 
temperatures, at which non-carbon elements are removed during carbonization more 
easily in thinner than in thicker nanofibers.  It should be noted that the carbon nanofibers 
imaged by TEM in Figure 3.6 had consistently uniform structure without any evidence of 
skin-core structure.  Prior studies identified the heterogeneous skin-core structure as the 
reason for mechanical property suppression in carbon nanofibers [18], and the 
homogeneous structure of the present nanofibers is responsible for the high property 
values reported here. 
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(a) 
 
(b) 
Figure 3.7. (a) Tensile strength vs. nanofiber diameter for different carbonization 
temperatures. (b) Average nanofiber strength vs. carbonization temperature. 
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(a) 
 
(b) 
Figure 3.8. (a) Elastic modulus vs. nanofiber diameter, and (b) average elastic 
modulus vs. carbonization temperature. 
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For nanofibers carbonized at up to 1400°C, increasing carbonization temperature 
increased the fiber strength reaching 3.60 GPa characteristic strength which is 6 times 
larger than the average strength reported before for carbon nanofibers of the same 
dimensions but carbonized at lower temperatures (1100°C) [18], or tested in bundle form 
[16].  However, the tensile strength dropped precipitously for nanofibers produced at 
1700°C.  Prior works [16,18] explained that optimization of molecular alignment before 
stabilization is important, while the presence of an heterogeneous core-sheath fiber 
structure, which was absent in the present fibers, has been identified as a limiting factor 
for achieving high mechanical strength [16,18].  Additionally, Zhou et al. identified the 
need for single nanofiber experiments instead of fiber bundle experiments where relative 
slip and sequential fiber failure can produce elastic modulus and strength that are lower 
than the actual ones [16].  
The reduction in mechanical strength can be explained by the evolving crystalline 
structure of the nanofibers, shown in Figure 3.6(a-d): increased carbonization temperature 
resulted in the formation of randomly oriented turbostratic carbon crystallites, which 
caused early rupture due to the stress mismatch with the surrounding amorphous carbon.  
The highest stiffness constant of graphite can exceed 1 TPa [64], which is much larger 
than the stiffness of the surrounding amorphous carbon.  As the two phases are 
approximately under the same strain, the stress in the turbostratic carbon crystallites rises 
dramatically causing crack initiation and instant (brittle) fracture.  On the other hand, the 
small crystallite size formed at smaller temperatures than 1700°C helped to maintain an 
increasing trend in the tensile strength (and modulus).  The initial rise in strength with 
carbonization temperature is explained by the increasing carbon content and nanofiber 
densification. However, for carbon microfibers it has been reported that beyond 1400 - 
1500°C the crystallite size becomes greater than the critical flaw size (calculated for the 
mismatch of the elastic properties of graphite and amorphous carbon after 1500°C) and 
therefore, the fiber strength is reduced considerably. This trend in tensile strength as a 
function of carbonization temperature is similar in the present nanofibers, although, the 
change in tensile strength observed here is sharper, occurring at about 1400°C. 
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A large number of TEM images of PAN derived carbon nanofibers were obtained 
to measure the average crystallite thickness.  This approach provided an estimate of the 
change of crystallite thickness, Lc, and length, La, with increasing carbonization 
temperature.  Lc and La both increased with increasing carbonization temperature: As 
listed in Table I, the average crystallite thickness increased from an average of 3.3 ± 0.9 
layers at 800°C, which is in good agreement with previous reports for micron size 
diameter [27,29,31], commercial (T-300) [31], and nanoscale fibers [18], but higher than 
those reported before by Zhou et al. for similar size nanofibers processed between 800-
1400°C [27], to an average of 7.9 ± 1.9 layers at 1700°C.  The average crystallite 
thickness of microscale PAN derived carbon fibers carbonized at 1800°C has been 
reported to be 8-10 layers [29], which is similar to the average crystallite thickness 
reported here suggesting that the nanoscale size of the fibers does not affect the growth of 
turbostratic carbon crystallites.  Furthermore, the crystallite size for the carbonization 
temperature of 1100°C is very comparable to that reported for PAN derived carbon 
nanofibers with significantly lower tensile strength and modulus implying that the 
dramatic improvement in properties reported in this work is owed to other structural 
sources such as the nanofiber radial material homogeneity.  
In some cases, thin nanofibers with diameters of the order of 50 nm, not tested for 
their mechanical properties, were found to have significant crystallite content and larger 
crystallites, as shown in Figure 3.9, suggesting faster growth kinetics than in larger 
diameter (>150 nm) nanofibers.  It should be noted however, that even in the case of 
large crystallite density, the crystallites were not aligned along the nanofiber axis which 
implies a limiting structure in terms of achieving properties significantly higher than 
those reported in this work. In general, the crystallite interlayer spacing, d002, in 
conventional carbon fibers decreases with increasing carbonization temperature [27-29] 
The value of d002 for carbon fibers heat treated at 2800°C is larger than that of highly 
oriented pyrolytic graphite (HOPG) [29], and the degree of orientation is less than that of 
HOPG, suggesting that PAN derived carbon fibers are very difficult to fully graphitize. 
Prior works reported on preferred alignment of turbostratic carbon crystallites at the 
nanofiber surface [18,65], potentially denoting a more compact and orderly skin, which 
was not present in the nanofibers produced in this work. 
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(a) 
 
(b) 
Figure 3.9. TEM images of a carbon nanofiber carbonized at 1400°C showing 
randomly oriented densely packed turbostratic carbon crystallites. 
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The Young’s modulus, on the other hand, did depend on the nanofiber diameter, 
as shown in Figure 3.8(a).  The larger content and size of the crystallites with high in-
plane stiffness in nanofibers prepared at higher carbonization temperatures resulted in a 
―composite‖ nanofiber with higher stiffness.  Thinner nanofibers originated from PAN 
precursors with higher modulus and stiffness [59], which implies better initial molecular 
orientation in PAN and, therefore, density.  The TEM micrographs in Figure 3.6(a-d) also 
show that the turbostratic carbon content increases with increasing carbonization 
temperature, thus increasing the average elastic modulus reported in Figure 3.8(b). 
In comparison with other reports on PAN derived carbon nanofibers and other 
forms of carbon nanofibers, the tensile strength and the elastic modulus of the present 
carbon nanofibers were 6 and 3 times larger than previously reported as a result of an 
optimization process in selecting optimal conditions for PAN electrospinning.  More 
importantly, the present nanofibers have properties equivalent to commercial carbon 
fibers which have been subject to optimization for decades.  The commonly used T-300 
carbon fibers (Toray Industries, Inc) have tensile strength of 3.53 GPa [1,28,31,66], 
which is very close to that reported here for PAN nanofibers carbonized at the same 
temperature of 1400°C.  Similar strength, 3.2 ± 0.7 GPa, but higher modulus (337 ± 38 
GPa) have been reported for highly drawn micron size PAN derived carbon fibers [32], 
obtained by the islands-in-a-sea method, which indicates that pre-stabilization mechanical 
drawing does improve the elastic modulus more than the mechanical strength (ultimately 
controlled by individual flaws).  Finally, it is worth mentioning that the load-bearing 
capacity per unit cross-sectional area of the present nanofibers in comparison to the 
highest reported tensile strength values for multi-wall carbon nanotubes (MWCNTs) is 
significant.  PAN nanofibers carbonized at 1400°C with 200 nm diameter carried at least 
100 μN of force before failure, which is 40 times higher than the 2.7 μN sustained by 25 
nm as-grown MWCNTs and of comparable order of magnitude to the state-of-the-art 50 
nm diameter irradiated MWCNTs that have been reported to sustain 60 μN of force [67] 
but they are dramatically shorter than the present nanofibers.  
The failure of brittle materials is statistical in nature and extrapolations of failure 
properties can be made using the Weibull probability density function fitted to the 
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strength data.  This analysis applied to our experimental data provided the two Weibull 
parameters: namely the characteristic strength, σc, and Weibull modulus m, which are 
given in Table 3.1 for different temperatures.  As the characteristic strength increased 
from 2.2 GPa to 3.6 GPa for nanofibers produced at 1400°C the Weibull modulus also 
increased to about 6, which is an average value for brittle materials.  The Weibull 
modulus is a measure of the distribution of flaw sizes.  Large values (>10 - 15) indicate 
small dependence of the material strength on the specimen size and, therefore, for large 
values of m a well defined flaw size and distribution exist.  Small values of m (<5 - 6) 
indicate a diverse population of flaws in size and/or in orientation. The mechanical 
strength scales with the specimen size as σ1/σ2=(ℓ2/ℓ1)
1/m, where σ1 and σ2 are the failure 
strengths of specimens with sizes ℓ1 and ℓ2, respectively [68].  The latter denote specimen 
length, surface area or volume depending whether the flaws that cause failure are evenly 
distributed along the specimen length, surface area or volume. It is, therefore, evident that 
for m ≈ 6 (1400°C) the nanofiber strength scales rather weakly with its length.  This 
favorable trend changes for carbonization at 1700°C when m ≈ 3. As described earlier, 
this was due to the large and randomly distributed turbostratic carbon crystallites which 
acted as stress concentrations and sites for failure initiation.  This random distribution and 
size of the crystallites are captured by the low Weibull modulus and characteristic 
strength listed in Table 3.1. 
 
Table 3.1. Weibull modulus, characteristic strength and fiber modulus as a function of 
carbonization temperature. 
Carbonization 
Temperature 
(ºC) 
Carbon 
Content 
(%) 
Characteristic 
Strength 
σc (GPa) 
Young’s 
Modulus 
(GPa) 
Weibull 
Modulus
m 
Average Crystallite 
Thickness (# of 
graphene layers) 
800 81.2 2.20 80 ± 19 3.1 3.3 ± 0.9 
1100 92.7 2.90 105 ± 27  6.4 3.9 ± 0.9 
1400 N/A 3.60 172 ± 40 5.9 6.6 ± 1.4 
1700 N/A 1.95 191 ± 58 3.0 7.9 ± 1.9 
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3.5.  Conclusions 
An optimization process was pursued to establish fabrication-structure-properties 
relationships in order to realize strong carbon nanofibers from PAN precursors and to 
identify factors that are limiting the ultimately possible tensile properties of this class of 
nanofibers.   The tensile strength and the elastic modulus of the carbon nanofibers were 6 
and 3 times larger than previously reported as a result of selecting appropriate conditions 
for PAN electrospinning, stabilization and carbonization.  The homogenized fiber cross-
section eliminated the failure prone skin-core structure that was identified before as a 
structural weakness of these fibers.  The tensile strength increased monotonically with a 
maximum value at 1400°C, while the elastic modulus increased steadily until 1700°C. 
The formation of turbostratic carbon crystallites with 3 - 8 layers in thickness was among 
the reasons for increased modulus but also the source of failure at high carbonization 
temperatures.  The random orientation of the crystallites pointed out to the necessity for 
better molecular orientation in the PAN precursor to improve both the strength and the 
modulus.  Compared to existing strong VGCNFs, the present nanofibers can provide 
immediate load transfer because of their wire-like geometry as opposed to the wavy 
structure of VGCNFs.  The improved mechanical properties reported here were due to the 
smooth fiber surface and the homogeneous cross-section that eliminate the skin-core fiber 
structure, thus reaching the properties of commercial grade carbon microscale fibers. 
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CHAPTER 4  
 
 
 
 
4. CONCLUSIONS   
This thesis research established fabrication-structure-properties relationships to 
realize strong carbon nanofibers from PAN precursors and to identify factors that 
currently limit the ultimately possible tensile properties of this class of nanofibers. 
Chapter 2 presented the experimental methods and procedures while Chapter 3 discussed 
the results of this research following the objectives and experimental approaches outlined 
in Chapter 1. 
Experiments for PAN nanofibers conducted in the past by this group were used to 
identify the optimum electrospinning conditions for PAN nanofibers with improved 
molecular orientation and homogeneous cross-section.  With this information as the 
basis, carbon nanofibers derived from optimized PAN nanofibers were produced with 
smooth surfaces and uniform diameters along their length. These nanofibers were 
straight, which is an advantage compared to VGCNFs, which, due to their waviness, do 
not provide appreciable stiffening to stiff polymer matrices at strains less than 1 - 2%. 
Individual CNFs with diameters between 150 - 500 nm were tested for their mechanical 
properties and TEM images of CNFs were obtained to identify the formation of randomly 
oriented turbostratic carbon crystallites at different carbonization temperatures.  It was 
found that the crystallite size increased with carbonization temperature and was key in 
tuning the mechanical properties of the CNFs.  
The tensile strength and the elastic modulus of the CNFs were 6 and 3 times 
larger than previously reported as a result of selecting appropriate conditions for PAN 
electrospinning, stabilization and carbonization. The homogenous CNF cross-section 
 
40 
eliminated the failure prone skin-core structure that was identified in literature as a 
structural weakness of this class of nanofibers. The tensile strength increased 
monotonically reaching its maximum at 1400°C, while the elastic modulus increased 
steadily until 1700°C.  The formation of turbostratic carbon crystallites with 3 - 8 layers 
thickness was among the reasons for increased modulus but also the source of failure 
initiation at high carbonization temperatures.  The random orientation of the crystallites 
pointed to the necessity for stronger molecular alignment in the PAN precursor, to 
improve both the strength and the modulus.  
As the characteristic strength increased from 2.2 GPa to 3.6 GPa for fibers 
produced at 800°C and 1400°C, the Weibull modulus also increased from 3 to 6, which 
indicates that the higher processing temperature removed the major defects in the 
nanofibers.  Carbonization at the higher temperature of 1700°C reduced the Weibull 
modulus to about 3 due to the formation of large and randomly distributed turbostratic 
carbon crystallites which acted as stress concentrations and sites for failure initiation. 
Finally, it should be noted that the versatile MEMS-based experimental tools 
made nanoscale tension experiments possible at the single nanofiber level, which proved 
instrumental in establishing the processing-structure-property relationships presented in 
this dissertation. 
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